Multiple scattering becomes a problem close to the critical point, especially in systems with a large difference in the refractive index and large correlation length amplitudes as for the case of polystyrene/cyclohexane. In this work we demonstrate the application of the one-beam cross correlation technique and show that in the reduced temperature range of t red ϭ1.66ϫ10 Ϫ5 -0.03 the multiple scattering is successfully suppressed. Furthermore, we measured the angular dependent static scattering intensity. By using the amplitude of the cross correlation function we obtained the correct singly scattered intensities. Those corrected intensities can be analyzed in the framework of the Ornstein-Zernike plot to obtain the correlation length . The analysis of the obtained static data is in good agreement with the dynamic data. Limitations for temperature and angular dependent measurements in the Ornstein-Zernike plot close to T c are discussed in detail.
I. INTRODUCTION
Dynamic and static light scattering are commonly used methods to study structural and dynamic properties of polymer solutions, colloidal suspensions or more general multicomponent systems. Also the critical behavior of static and transport properties in fluids and fluid mixtures has been studied frequently. The critical slowing down of the order parameter fluctuations can be detected by measuring the time dependent correlation function of the scattered photons, while an increase of the concentration fluctuations manifests itself by an increase of the scattering intensity. However, the analysis of these experiments is restricted to transparent samples in order to avoid multiple scattering. This limits the accessible temperature range in critical solutions by conventional light scattering methods.
In the past three decades these order parameter fluctuations which result in the so-called critical opalescence have been studied in binary mixtures and polymer solutions. 1 The divergence of the correlation length is described by the asymptotic power law ϭ 0 t red Ϫ , with the reduced temperature t red ϭ(TϪT c )/T c and the critical exponent ϭ0.63 of the three-dimensional ͑3D͒ Ising model. It is generally accepted that all fluid systems belong to the same universality class of the 3D-Ising model characterized by a set of critical exponents. 2 For some ionic liquid mixtures, deviations from the Ising behavior result in the manifestation of in a crossover theory. 3, 4 Close to the critical point the interpretation of the light scattering results is complicated by multiple scattering. Recent measurements on polydisperse polymer solutions of polystyrene in cyclohexane and methylcyclohexane have been reported 5 which, however, could only be analyzed for reduced temperatures t red у3.4ϫ10
Ϫ4 due to the presence of multiple scattering closer to the critical point.
Several attempts have been made to determine the amount of multiply scattered light theoretically [6] [7] [8] or by Monte Carlo simulations. 9 The theoretical method by Shanks and Sengers 6 calculates the double-scattering contributions in critically opalescent samples for which the angle dependent scattering cross section is given by the OrnsteinZernike equation. An extension of the theory to higher orders of multiple scattering becomes very complicated due to manifold integrals. Under the conditions of multiple scattering a direct simulation of the scattering intensity by Monte Carlo simulations seems to be a more promising approach. 9 Unfortunately, the theoretical and simulation approaches require a precise knowledge of the experimental constraints which are often not accessible in the necessary accuracy or are result of the measurement.
In recent years several experimental techniques such as the two-color set-up, 10 ,11 the 3D set-up, [12] [13] [14] and lately also the one-beam set-up, 15 have been used to suppress multiple scattering contributions in dynamic light scattering experiments. The geometries of the different set-ups are chosen in such a way, that the only singly scattered light contributes to the recorded cross correlation function. Lately it was demonstrated that all three techniques can be used to obtain the correct static light scattering information in highly concentrated suspensions of latex spheres. 12, 16, 17 The basic idea of the so-called two-color coding experiment and the threedimensional set-up is similar. 18 In 3D and two-color set-up the scattering experiment is done twice in the same scattering volume with identical resulting scattering vectors q 1,2 a͒ Electronic mail: s.wiegand@fz-juelich.de; http://www.fz-juelich.de/iff/ personen/S.Wiegand/ ϭ(4n 1,2 / 1,2 )sin( 1,2 /2) with n and denoting the refractive index and the wavelength, respectively. An excellent review on the different experimental approaches and results was recently published by Pusey. 19 In this work we use a one-beam set-up 15, 20, 21 which operates on a different principle. The method uses the fact that the singly scattered light results in a larger coherence area compared to the multiple scattered light. By optimizing the distance between the two detectors so that they are still within the coherence area of the singly scattered light but not within the coherence area of the multiply scattered light. This way the singly scattered light is correlated, while the multiply scattered light due to a smaller coherence area is no longer correlated. This allows the correct determination of the static and dynamic scattering properties. Lately the onebeam cross correlation technique was successfully applied to depolarized scattering experiments, which are very sensitive to effects of multiple scattering. 22 Recently, we used the 3D cross correlation method to study the temperature dependent critical fluctuations of the local composition of a solution of polystyrene in cyclohexane. 23 We investigate a temperature range of 20 K down to 2ϫ10 Ϫ3 K above T c which corresponds to reduced temperature range of t red of 6.8ϫ10
Ϫ6 to 0.067 with T c ϭ293.492 K. We determined the intensity of the singly scattered light at a scattering angle ϭ90°and showed that it is perfectly described by the Ornstein-Zernike function in the entire temperature range. Even very close to the critical point, where the turbidity reaches a value of 2.4 cm Ϫ1 , no deviations are noticeable. In addition, we compared the amount of singly and multiply scattered light with Monte Carlo simulation of the multiple scattering processes and found a good agreement.
In this paper we apply the one-beam cross correlation technique to the same polystyrene/cyclohexane sample investigated in the previous paper. Additionally to the measurements at scattering angle of ϭ90°we perform also angular dependent measurements in the range of ϭ40°-140°. Using the amplitude of the cross correlation function we determine the singly scattered light intensity which we analyzed using the Ornstein-Zernike function. We compare the results determined with the one-beam set-up with those obtained with the 3D cross correlation technique.
II. THEORY AND DATA ANALYSIS

A. One-beam cross correlation technique
The normalized cross correlation function of the scattered light intensity g (2) (t) is given by
where g (1) (t) is the normalized field correlation function of the singly scattered light and ␤ denotes the amplitude of the cross correlation function, which is proportional to the intensity ratio of the singly scattered light to the totally scattered light including the multiple scattering contributions. In this way the intensity of the singly scattered light ͗i s ͘ can be obtained from the totally scattered light intensity ͗i tot ͘ ͗i s ͘ϰ␤͗i tot ͘.
͑2͒
B. Scattering behavior of critical binary mixture
The single scattering intensity ͗i s, ͘ of a critical binary mixture can be analyzed in the frame work of the OrnsteinZernike theory. 24 According to this theory ͗i s, ͘ can be written in the form
We used the scaling laws ϭ 0 t red Ϫ(2Ϫ) and ϭ 0 t red Ϫ for the osmotic susceptibility and correlation length , respectively. The critical exponent denotes the Fisher exponent.
We limited our measurements to the strong scattering regime to test the one-beam set-up in the vicinity of a critical point. The investigated temperature range was so small, that we only used the simple scaling law approach. This approach ignores the noncritical scattering contributions by the relatively large polymer which have been treated as a constant background 23 in a previous work or later by Jacobs it et al. 25 using the more sophisticated crossover approach which incorporates a crossover from the asymptotic Ising behavior to the critical mean-field behavior. The scattering vector q varies in the range of qϭ9.70ϫ10 Ϫ3 -2.67ϫ10 Ϫ2 nm Ϫ1 . The constant A depends on the properties of the sample and the geometrical constraints of the optical set-up, and can be treated as temperature independent.
In order to obtain the singly scattered light intensity, which can be described by Eq. ͑3͒, the count rate ͗I tot, Ј ͘ measured by the photomultiplier has been corrected for the loss due to turbidity and for multiple scattering ␤,
The turbidity ϭϪln(T)/l was calculated from the measured transmission T and the path length l. The term sin() accounts for the change in the size of the scattering volume.
The data where fitted to Eq. ͑3͒ using the MarquardtLevenberg algorithm 26 weighting the intensities by their uncertainty. The uncertainty of the intensity is propagated from the uncertainties of the directly measured quantities as follows:
includes temperature fluctuations of ␦T ϭ2 mK and uncertainties of the critical temperature ␦T c ϭ2 mK. ␦͗I tot, ͘ is the uncertainty of the total scattering intensity at the scattering angle at constant temperature. ␦␤ is the uncertainty of the amplitude of the cross correlation function calculated as one standard deviation of three measure-ments. The calculated error of the turbidity ␦ϭ␦T/(lT) depends on the uncertainty of the transmission ␦T. The uncertainty of the path length was neglected. The uncertainty of the transmission T was calculated as difference of the maximal and minimal transmission measurement over the entire measurement time. For comparison we performed also the analysis using one standard deviation of the mean, which was calculated from 120 single measurements. Using this error in the transmission seem to underestimate the real error due to the high number of data points resulting in a systematically to high 2 around 8. Nevertheless, that change is weighting changed the adjusted parameters only within their error bars.
III. EXPERIMENT
A. Sample
We used polystyrene with a molecular weight M w ϭ1.11ϫ10 5 g mol Ϫ1 and M w /M n ϭ1.061, where M w is the weight-average molecular weight and M w /M n is the ratio of weight-to-number-averaged molecular weights. The mixture of polystyrene/cyclohexane has a critical mass fraction of 0.118 and an upper critical point at the critical temperature T c ϭ293.321Ϯ0.002 K. Our scattering cell used, has an inner diameter of lϭ1 cm. In this paper we used the same sample, which was already investigated in Ref. 23 . Details of sample preparation are described there.
B. Set-up and temperature control
The optical set-up of the one-beam technique is very similar to a conventional light scattering experiment, only the detection part is modified. A detailed description of the set-up can be found in Refs. 17 and 22. The scattered light is divided into two beams by a beamsplitter. Two monomode fibers each with an integrated gradient-index lens are used to detect the scattered light. The two fibers can be moved to find the optimal edge of the coherence area.
For the optimal alignment of the fibers we used a concentrated latex suspension (cϭ0.1 wt. %) with a particle diameter of 132 nm. In Fig. 1 we show the particle diameter (d) determined by dynamic light scattering and the amplitude of cross correlation function ͑␤͒ in dependence of the displacement of the fibers (⌬y). If the distance between the two fibers vanishes the cross correlation function is equal to the autocorrelation function and contains contributions stemming from multiple scattered light and resulting in a particle diameter which is too small. With increasing distance between the two fibers the multiple scattered light is not longer correlated and the correct particle diameter is obtained.
To achieve a temperature stability of ␦Tϭ2 mK we designed a cell which is presented in Fig. 2 . The sample is immersed in a glass cylinder with a diameter of 110.2 mm. This bath cell was filled with water, which was stirred to avoid temperature gradients. To heat the water bath we use a CuNi-wire. For temperature measurement there is a thermistor ͑Pewatron, MBT 1.3͒ with an absolute accuracy of 0.05 K and a differentially precision better than 1 mK. The bath cell is surrounded by a copper cylinder which is moderated with a thermostat ͑Lauda, RC6͒. For isolation we use styrodur with a thickness of 1.5 cm. To make a measurement at a certain temperature, the copper cylinder is kept at a temperature which lies 2 K under the required temperature. The electrical heating is regulated by a computer to achieve the temperature. The measurement of the correlation function was repeated three times, whereby each correlation function was averaged for 60 min and analyzed separately. The average amplitude ␤ is the mean of the three measurements was used to determine the singly scattered intensity ͗i s ͘ listed in Table I . 
C. Influence of temperature changes to the alignment
First we tested the set-up for temperature dependent measurements with standard polystyrene latex spheres. It is known that the refractive index changes with temperature and therefore the position of the focus of the incident laser beam will change with the temperature. This will also change the size of the speckles on the detector and might make a realignment was necessary. In order to check whether a realignment would be necessary we did some preliminary measurements. In Fig. 3 we show the angular dependence of particle diameter (d) determined by dynamic light scattering and the amplitude of cross correlation function ͑␤͒ for different temperatures. Neither the particle diameter nor the amplitude of the cross correlation function show a temperature dependence in the investigated temperature range of 20-30°C. Therefore, we conclude that the temperature variation of the refractive index in this region causes no noticeable change of size and position of the scattering volume in our set-up. This fact enables us to compare the data at different temperatures.
The mean value of the diameter is d ϭ126Ϯ4 nm, whereas it was determined by averaging over all angles and temperatures. If one compares the average diameter d 30°-50°ϭ 120Ϯ2 nm for the three angles below 60°and the average diameter d 60°-150°ϭ 128Ϯ2 nm for the angles above 60°, one finds a systematic decrease of the diameter by 6.5% at the lower scattering angles. This might be an indication for an incomplete suppression of the multiply scattered light at low scattering angles or the presence of interactions at higher concentrations. Comparison with measurements of aqueous solutions of latex particles with a diameter of dϭ80 nm do not show this systematic decrease of the determined diameter at small angles. A comparison with larger particles reveals at higher concentration a clear influence of interactions, which has also been demonstrated with the 3D cross correlation technique. 12 Analyzing the static properties of Latex particles with a diameter of dϭ453 nm ͑Ref. 17͒ we observed a good agreement between the different concentrations over the entire investigated concentration and angle range. Due to the fact that it is difficult to separate the influence on the decay constant due to interaction or insufficient suppression of multiple scattering we perform the latter analysis of the critical data including the small scattering angle and neglecting them to see whether a possible insufficient suppression is possible at smaller scattering angles.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In Table I we summarize the dependence of the scattering intensities ͗I tot, ͘, intensities corrected for turbidity loss ͗i tot, ͘ϭ͗I tot, ͘/e Ϫl and intensities corrected for turbidity loss and multiple scattering ͗i s, ͘ϭ͗I tot, ͘␤/e Ϫl on the temperature T for seven different angles ϭ40°, 60°, 80°, 90°, 100°, 120°, 140°.
The scattering intensity at ϭ90°as a function of reduced temperature is shown in Fig. 4 ͑other angles in Fig. 5͒ .
The three curves show the total scattering intensity ͗I tot,90 ͘ ͑᭝͒, the intensity corrected for turbidity loss ͗i tot,90 ͘ ͑ᮀ͒ and intensity corrected for turbidity loss and multiple scattering ͗i s,90 ͘ ͑᭺͒. The solid line refers to a fit according to Eq. ͑3͒ with ϭ0.63 fixed to its theoretical value with the parameter set listed in row 4 in Table II . The Fisher exponent is fixed to its theoretical value of ϭ0.032. At reduced temperatures up to 10 Ϫ2 where the turbidity level and multiple scattering contributions are small, all curves agree. The data of ͗I tot,90 ͘ passes through a pronounced maximum and cannot be described by the Ornstein-Zernike equation ͓see Eq. ͑3͔͒. A description of the turbidity corrected data by the OrnsteinZernike equation leads to systematic deviations close to the critical point. Applying both the turbidity correction and the multiple scattering correction obtained from the amplitudes of the cross correlation function, the data can be described by the Ornstein-Zernike equation over the entire temperature range. Treating as an adjustable parameter does not improve the result significantly ͑Table II, set #11͒. The parameters obtained for all angles with the critical exponent both fixed and as adjustable parameter are listed in Table II Table II. ϭ0.69Ϯ0.04 nm ͑ fixed͒ and 0 ϭ0.70Ϯ0.07 nm ͑ adjustable͒ agree within their error bars. The simultaneous fit of all angles at fixed by minimizing the sum of the 2 leads to a correlation length amplitude of 0 ϭ0.68 nm which agrees well will the average value of 0 . It is obvious, that the two lower angles lead to systematically higher values of 0 .
Omitting those results in 0 ϭ0.67Ϯ0.01 nm ͑ fixed͒ and 0 ϭ0.66Ϯ0.01 nm ͑ adjustable͒. Ritzl and Woermann derived a power law 0 ϭ 0 *(M n /M 0 ) n for the correlation length amplitude of a critical polystyrene/cyclohexane mixture in dependence of the number-weighted molar mass. 27 M 0 is the mass of the repeat unit and 0 *ϭ0.149 nm and n ϭ0.218 are two empirical scaling parameters. For our system this leads to 0 ϭ0.67 nm, which agrees well with the above values. Nevertheless, in our previous work we obtain a FIG. 5. Scattering intensity ͗I tot, ͘ ͑᭝͒, intensity corrected for turbidity loss ͗i tot, ͘ ͑ᮀ͒ and intensity corrected for turbidity loss and multiple scattering ͗i s, ͘ ͑᭺͒ in dependence on the reduced temperature for six different angles ϭ40°,60°,80°,100°,120°,140°. The solid lines represent the fits according to Eq. ͑3͒ with ϭ0.63 fixed to its theoretical value. correlation length amplitude of 0 ϭ0.62Ϯ0.01 nm which is slightly lower. 23 Recent measurements of the angular dependent scattering intensity on the same sample in the 3D set-up lead also to a slightly higher correlation length amplitude of 0 ϭ0.66 nm ͑Ref. 28͒ which agrees well with the present work. The discrepancy of the lower correlation length amplitude in previous and actual measurement might be caused by aging of the sample which did not influence the critical temperature 32 but the turbidity. A change in the turbidity level due to aging of the sample has also been observed before. 29 The turbidity change resulted in an increase of the correlation length amplitude, while the critical temperature remained almost unchanged ͑less than 2.5 mK/week͒. In conclusion, one can state, that all measurements are consistent over the entire temperature and angle range and can be analyzed using the Ornstein-Zernike equation ͓cf. Eq. ͑3͔͒ and it seems to be reasonable to exclude the two lower angles and give an average value of the correlation length amplitude of 0 ϭ0.66Ϯ0.02 nm.
In Fig. 6 we show the inverse scattering light intensity as a function of squared wave vector q 2 ͑Ornstein-Zernike plot͒ at two different temperatures. The squares represent intensities corrected for turbidity loss ͗i tot ͘ and the circles represent intensities corrected for turbidity loss and multiple scattering ͗i s ͘. All data show a linear dependence of the square of the scattering vector q 2 as it is expected according to Eq. ͑3͒. In the vicinity of the critical point the slope and the intercept of the uncorrected data ͑squares͒ change strongly compared to the corrected data. Figure 7 shows the correlations length determined by the Ornstein-Zernike plot in dependence of the reduced temperature. The solid line corresponds to an asymptotic power law ϭ 0 t red Ϫ , with 0 ϭ0.61Ϯ0.02 nm and ϭ0.63. There slight systematic deviations from the power law behavior far away from the critical point, which might be an indication for crossover behavior, which is not visible in the dependence of the scattering intensity of the reduced temperature. Far away from the critical point the angular dependence of the scattering intensity as indicated also by the large error bars is not very pronounced, which easily leads to a falsification of the results. Close to the critical point strong deviations from the asymptotic power law behavior are observed in both the uncorrected and the corrected data. Similar deviations were not observed in the analysis of the scattering intensities dependent on the reduced temperature for a fixed scattering angle. So it is possible that the deviations are caused by numerical instabilities due to the small intercept which leads to large uncertainties close to the critical point. Furthermore the deviations could stem from insufficient suppression of the multiple scattered light in the one-beam set-up as might also indicated by the low scattering angles in the angular dependence of the diameter ͑cf. Sec. III C͒. Therefore, we perform the analysis also without the 60°scat-tering angle, but the result remained the same. Additional measurements on the same sample in a 3D set-up 28 showed also systematic deviations from the scaling law behavior at a reduced temperature just below t red ϭ10 Ϫ4 . The multiple suppression principles are quite different in both set-ups and both methods work successfully at higher turbidity levels as was shown by the investigation of highly turbid Latex suspensions. 12, 17 Therefore, it is unlikely that the deviations stem from a breakdown of the one-beam set-up. To resolve this open question measurements with the two-color set-up would also be desirable. Deviations from the asymptotic behavior of the isothermic compressibility were also reported by Wagner and co-workers 30, 31 in pure sulfur hexafluoride and pure carbon dioxide very close to the critical point. The exponents found were slightly smaller than the classical exponents. They discussed the possibility that due to the gravitational field deviations from the 3D-Ising renormalization value could be expected, which has not been proven yet by renormalization theories. The dashed line in Fig. 7 shows that our data agree also with a classical exponent within the error bars, but a similar explanation as in the one-component mixtures is unlikely because binary fluid mixtures are less sensitive to gravity effects. Due to the fact that all experimental data points close to the critical point have been influ- enced by multiple scattering so the data basis is quite limited to deduce final conclusion.
To answer this open question more critical mixtures, especially with large correlation length amplitudes need be investigated by cross correlation methods. Such systems would have the advantage that the multiple scattering sets in further away from the critical point, where the recorded data have a higher accuracy. For the investigated system the one-beam set-up and the 3D set-up lead to comparable results. Both systems are equally suited to do temperature dependent measurement. The analysis of the angular dependence of the scattering intensity favors slightly the 3D set-up. It would be desirable to have comparative measurements by the two color set-up, which has the highest theoretical amplitude of the cross correlation function. The difficulty here are the temperature dependent measurements which require due to the change in refractive index a realignment of the two incoming beams.
